The low energy muon (LEM) facility at PSI provides nearly fully polarized positive muons with tunable energies in the keV range to carry out muon spin rotation (LE-µSR) experiments with nanometer depth resolution on thin films, heterostructures and near-surface regions. The low energy muon beam is focused and transported to the sample by electrostatic lenses. In order to achieve a minimum beam spot size at the sample position, and to enable the steering of the beam in horizontal and vertical direction, a special electrostatic device has been implemented close to the sample position. It consists of a cylinder at ground potential, followed by four conically shaped electrodes which can be operated at different electric potential. In LE-µSR experiments an electric field at the sample along the beam direction can be applied to accelerate/decelerate muons to different energies (0.5-30 keV). Additionally, a horizontal or vertical magnetic field can be superimposed for transverse or longitudinal field µSR experiments. The focusing properties of the conical lens in the presence of these additional electric and magnetic fields have been investigated and optimized by
Introduction
The muon spin rotation/relaxation/resonance (µSR) technique is a versatile local probe technique to investigate the physical properties of superconductors, magnetic systems, semiconductors and organic materials [1] . Polarized muon beams for µSR applications are usually produced at medium energy (0.5 -3 GeV) proton accelerators. These muons have kinetic energies of the order of MeV and penetrate deeply into a sample (mm to cm). Therefore, µSR experiments using these MeV muons can only study bulk materials. To overcome these limitations and to extend µSR to the investigation of thin films, PSI developed and operates the low energy muons beam facility (LEM) where a cryogenic moderation method [2, 3, 4, 5, 6 ] is used to generate nearly fully polarized positive muons with tunable energies in the range of eV to several keV. Up to now the LEM facility at PSI has played a leading role in low energy muon experiments, extending the µSR technique to the investigation of nano-materials, layer interfaces, thin films and near-surface regions [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] .
The LEM facility is located at the µE4 beam line, which is a hybrid-type large acceptance channel to generate an intense beam of so-called surface muons (positive muons, µ + , originating from pions decaying at rest close to the surface of the pion/muon target, with a kinetic energy of ∼ 4 MeV) [6] . The intensity of the surface muon beam at the exit of the µE4 beam line is about 4.6×10 8 /s at a proton current of 2.2 mA. This represents at the moment the highest continuous surface muon flux in the world. About 40% of the beam is focused onto the cryogenic moderator target. Using a wide-band-gap van der Waals solid gas (s-N 2 , s-Ar) a moderation efficiency ( is achieved [2, 4, 8] .
2
The moderation of the muons from about 4 MeV to 10 eV is achieved within 10 ps, such that their initial high polarization is conserved [5] . The moderator consists of a 200-300 nm thick Ar layer (capped by a 10 nm thin N 2 layer) deposited on a thin Ag foil (∼125 µm) [20] which is held by a cryostat at a temperature below 20 K. The mean energy of the moderated muons is about 15 eV with a width of about 20 eV (full width at half maximum, FWHM) [21] . These moderated muons can be re-accelerated by applying a high positive potential of up to 20 kV to the moderator [22] . After acceleration they are transported by electro-and magneto-static beam elements to the sample position. The rate of moderated muons at the sample is up to 4.5×10 3 /s.
By tuning the high voltage of the moderator and the acceleration/deceleration high voltage at the sample, low-energy positive muons (LE-µ + ) with tunable implantation energies between 0.5 and 30 keV are obtained, corresponding to mean implantation depths ranging from a few nm to a few hundred nm in solid materials [23] . In addition to the electric acceleration/deceleration field at the sample an external magnetic field -either parallel or perpendicular to the muon momentum -can be applied for transverse and longitudinal field µSR measurements. These fields may influence the beam spot size and position. A special optical element with four conically shaped segments (also called ring anode, RA) is used to focus the beam onto the sample. Its focusing and steering effects in combination with the applied electric and magnetic fields have been investigated using the musrSim simulation package [24] which is based on Geant4 [25, 26] . Using these simulations we optimize the settings of RA for the various magnetic fields and varying implantation energies (electric fields), and compare them with experimental data. These parameters allow to run the experiment with optimized beam transport onto the sample under different magnetic and electric field configurations. The results of this analysis are presented in this paper. crossed static magnetic and electric fields E × B can be used to rotate the muon spin parallel or anti-parallel to its momentum [27] . This enables to carry out longitudinal field measurements (LF-µSR, where the muon spin is parallel or anti-parallel to the applied field at the sample). The LE-µ + spin angle (θ spin )
can be changed between -90
• to +90
• with respect to the initial direction of the Field maps of the beam elements (Spin Rotator, L1, L2, L3 and RA) have been either calculated or measured [27, 28, 30] , and are scaled according to the experimental settings. In the electrostatic mirror a homogeneous electric field is assumed.
A vertical magnetic field up to 300 Gauss, parallel to the sample surface, is supplied by the AEW magnet for transverse field µSR measurements (TF-µSR, muon spin transverse to the applied field), and a magnetic field of up to 3400
Gauss can be applied perpendicular to the sample surface and along the muon beam direction (WEW magnet, LF-or TF-µSR, depending on the initial muons spin polarization). The AEW magnet consists of air-cooled coils (8 A maximum current) wound around a soft-iron yoke with a magnet gap of 154 mm. Because symmetry of the electric field in case of a potential difference applied between two opposite segments. In the simulation, the transmission from the moderator to the sample at 10 kV is about 55%, compared to about 70% at 15 kV, where we define the transmission as The reduction of the transmission is due to i) a longer time-of-flight at 10 kV, which increases the fraction of muons decaying in flight by about 5% at 10 kV compared to 15 kV, ii) a 10% higher muonium formation (bound neutral state of a µ + and an e − ) probability in the 10-nm-thin carbon foil of the start detector, and iii) larger beam divergence at 10 kV after the start detector. In the experiment we observe a corresponding drop of event rate when changing the beam transport settings from 15 kV to 10 kV. ing. Before adjusting RA this fraction is smaller than 10% when a 300-Gauss magnetic field is applied, and it further reduces to less than 1% when a positive bias of +5 kV and +10 kV is applied at the sample. After steering, most of the muons (> 60%) are shifted to the 20×20 mm 2 area in the center. 
Beam spot with horizontal magnetic field
In this section we investigate the effects of a horizontal magnetic field parallel to the beam axis on the beam spot for different fields and implantation energies. This magnetic field at the sample is generated by the WEW magnet Figure 9 shows good agreement between experimental (RA e ) and simulated (RA s ) optimum RA values for WEW fields up to 1600 Gauss. At higher fields there are Table 3 summarizes these optimized RA potential values to achieve the smallest beam spot size at the sample. One can see that the RA voltage can be kept constant up to 500 Gauss before it has to be lowered to compensate for the increasing focusing power of the magnet. At some magnetic fields (such as B=1500, 1700 Gauss) there is no need to use the RA to focus the beam (RA=0).
Compared to the V mod = 12 kV data the RA has to be turned on again to obtain the smallest beam spot at a field of about 2000 G, which is higher than the ∼ 1750 G at V mod = 12 kV. This shift is expected due to the 15 keV/12 keV higher momentum of the muon beam: at higher beam momentum one needs a correspondingly higher magnetic field to obtain the same beam transport properties of the WEW magnetic field. Figure 11 compares the fraction η at the sample before and after tuning the RA at different WEW magnetic fields.
It is obvious that η can be significantly increased by proper tuning of RA. The fractions η at V mod = 15 kV are higher than at V mod = 12 kV because of the smaller increase of transverse phase space when passing through the carbon foil of the start detector: the mean scattering angle due to multiple scattering is lower at higher beam energy.
Summary
In this paper we presented the focusing and steering properties of a seg- This is important for the design and analysis of future LE-µSR experiments. A long term goal is the reduction of the beam spot size to allow the investigation of standard 5×5 mm 2 samples. At present, the study of such samples is only possible by using a mosaic of at least four pieces of this size. In many cases it is not possible to generate four or more identical samples, which makes some experiments unfeasible. To achieve this long term goal the understanding and the reliability of the simulation of the used optical beam elements is essential, especially the design of the last focusing element where the present work provides important information. Finally, we emphasize that Geant4 simulations are very powerful to describe and optimize experimental setups and to help pushing experimental capabilities to the limit.
Acknowledgements
Ran Xiao acknowledges a scholarship from the China Scholarship Council (CSC) and financial support from PSI for her stay at PSI.
